An activity-dependent change in synaptic efficacy is a central tenet in learning, memory, and pathological states of neuronal excitability. The lateral diffusion dynamics of neurotransmitter receptors are one of the important parameters regulating synaptic efficacy. We report here that neuronal activity modifies diffusion properties of type-A GABA receptors (GABA A R) in cultured hippocampal neurons: enhanced excitatory synaptic activity decreases the cluster size of GABA A Rs and reduces GABAergic mIPSC. Single-particle tracking of the GABA A R g2 subunit labeled with quantum dots reveals that the diffusion coefficient and the synaptic confinement domain size of GABA A R increases in parallel with neuronal activity, depending on Ca 2+ influx and calcineurin activity. These results indicate that GABA A R diffusion dynamics are directly linked to rapid and plastic modifications of inhibitory synaptic transmission in response to changes in intracellular Ca 2+ concentration. This transient activity-dependent reduction of inhibition would favor the onset of LTP during conditioning.
INTRODUCTION
The modulation of synaptic strength is a key mechanism in the formation of synaptic connections as well as for learning and memory, and its dysfunction is the underlying cause of disease. Synaptic plasticity is exhibited by both excitatory and inhibitory synapses (references in Lynch, 2004, and Gaiarsa et al., 2002) ; however, the cellular and molecular mechanisms are less well understood at inhibitory synapses than at excitatory synapses. In the cortex and the hippocampus, fast inhibitory neuronal transmission is mainly mediated through g-aminobutyric acid (GABA) and postsynaptic chloride-selective ionotropic type-A GABA receptors (GABA A Rs). Among other factors, the synaptic amount of GABA A Rs regulates the strength of GABAergic transmission (Moss and Smart, 2001) . Numerous studies have correlated changes in synaptic GABAergic currents and GABA A R numbers (Nusser et al., 1997 (Nusser et al., , 1998 Kilman et al., 2002) . The surface expression of GABA A Rs is controlled by insulin, brainderived neurotrophic factor (BDNF), and neuronal activity (Wan et al., 1997; Brunig et al., 2001; Goodkin et al., 2005; Naylor et al., 2005) . Thus, the membrane insertion or removal rate is now considered a major determinant in the regulation of neurotransmitter receptor number at inhibitory synapses (Collingridge et al., 2004) .
Although the total receptor number at the synapse determines the synaptic strength, GABA A R insertion and internalization occur outside the synapse (Bogdanov et al., 2006) . Therefore, the lateral diffusion of cell surface receptors is yet another step involved in receptor targeting to synapses (Triller and Choquet, 2005 ). Both single-particle tracking (SPT) and electrophysiological studies have demonstrated that most neurotransmitter receptors are exchanged between synaptic and extrasynaptic domains by lateral diffusion (references in Choquet and Triller, 2003; Triller and Choquet, 2005) . This is also true for GABA A Rs (Thomas et al., 2005; Jacob et al., 2005; Bogdanov et al., 2006) . The regulation of receptor fluxes into or out of synapses together with receptor stabilization and confinement at synapses are thus key determinants of synaptic strength (Choquet and Triller, 2003; Choquet, 2005, 2008) . The lateral mobility of receptors and confinement can be modulated, for example, by the interaction between receptors and their scaffolding molecules (AMPA receptors [AMPARs] with PSD-95 and stargazin [Bats et al., 2007] ; metabotropic glutamate receptors [mGluRs] with homer [Sergé et al., 2002] ; glycine receptors [GlyR] with gephyrin [Meier et al., 2001; Ehrensperger et al., 2007] or by the cytoskeleton [Charrier et al., 2006] ). Measurement of GABA A R cluster dynamics at synapses has also strongly suggested that GABA A R diffusion properties were regulated by gephyrin (Jacob et al., 2005) .
In hippocampal neurons, AMPAR but not NMDA receptor (NMDAR) diffusion dynamics are activity-dependent (Tardin et al., 2003; Ehlers et al., 2007; Heine et al., 2008; , Groc et al., 2004 , Groc et al., , 2006 . These results are compatible with a selective increase of the AMPA component of the excitatory postsynaptic currents (EPSCs) and little change in NMDAR current during long-term potentiation (LTP) (Kauer et al., 1988; Muller et al., 1988) . Furthermore, they reinforce the hypothesis that lateral diffusion is involved in excitatory synaptic plasticity. Although the mechanism connecting synaptic activity and lateral diffusion is not yet unraveled, Ca 2+ signaling is thought to play a major role in the case of AMPAR dynamics (Borgdorff and Choquet, 2002; Heine et al., 2008) . In hippocampal neurons, high-frequency stimulation induces depression of GABAergic transmission (Stelzer et al., 1987; Miles and Wong, 1987; Pitler and Alger, 1992; Chen and Wong, 1995; Wang and Stelzer, 1996; Lu et al., 2000; Goodkin et al., 2005; Naylor et al., 2005) , suggesting that activity may regulate the diffusion dynamics of GABA A Rs. In this study, we have analyzed, in cultured hippocampal neurons, the link between neuronal activity, GABA A R diffusion properties, and accumulation at synapses. We directly visualized GABA A R movements using SPT with quantum dot (QD) labels (Dahan et al., 2003; Bannai et al., 2006) . We established that GABA A R diffusion coefficients increased and synaptic confinement decreased when excitatory activity was enhanced. We also found that Ca 2+ signaling via calcineurin was required for activitydependent regulation of GABA A R lateral diffusion. These changes in diffusion properties led to a decrease in GABA A R number at synapses and a decrease in GABAergic mIPSC amplitude.
RESULTS

Increased Excitatory Activity Decreases Synaptic GABA A R and Gephyrin Cluster Size
We analyzed the impact of excitatory activity on postsynaptic GABA A R clusters and their scaffolding molecule gephyrin in hippocampal neurons cultured for 21-27 days in vitro (DIV) using antibodies against the GABA A R g2 subunit (contained in the majority of GABA A Rs in hippocampal neurons; Fritschy and Mohler, 1995; Farrant and Nusser, 2005) or gephyrin, as well as the presynaptic marker protein synapsin. The excitatory glutamatergic synaptic activity was blocked with CNQX (50 mM) and AP5 (50 mM), which antagonize AMPARs and NMDARs, respectively (''CNQX + AP5'' condition). Neuronal and synaptic activities were increased either by blocking potassium channels with 4-aminopyridine (50 mM, ''4AP'' condition) or by blocking inhibition using strychnine (1 mM), a competitive blocker for GlyR, and SR 95531 (5 mM), which inhibits GABA A R (''St + SR'' condition Figure S1 available online). These effects on [Ca 2+ ] i are prolonged and remained for the total duration of the experiment (at least 30 min, data not shown). Treatment (2 h) with drugs modifying synaptic activity did not modify the number and the size of synapsin immunoreactive (IR) presynaptic terminals (data not shown). Postsynaptic GABA A R and gephyrin-IR clusters were defined by their association with synapsin immunofluorescence (higher magnification in Figures 1A and 1B) . These synaptic GABA A R and gephyrin clusters were not significantly modified when decreasing excitatory activities (CNQX + AP5 treatment), with 96.5% ± 3.2% and 92.8% ± 2.2% (average ± SEM) of the fluorescence intensity of nontreated control cultures, respectively (Figures 1C and 1D) . In contrast, when activity was increased, either with 4AP or St + SR, synaptic GABA A R (Figures 1A and 1C) and gephyrin (Figures 1B and 1D) cluster fluorescence decreased significantly (p < 0.005, Student's t test) to 57.7% ± 2.1% and 54.0% ± 2.4% for 4AP and 58.3% ± 2.5% and 51.7% ± 1.7% for St + SR, respectively. Similar changes in cluster sizes were observed ( Figure S2 ). Therefore, synaptic GABA A R and gephyrin cluster fluorescence, which reflect the numbers of synaptic receptors and scaffolding proteins, respectively, are reduced when excitatory activity is pharmacologically increased.
Depolarizing Stimuli Decrease GABAergic mIPSC Amplitudes without Internalization
The amplitude of quantal inhibitory postsynaptic currents (IPSCs) reflects the number of synaptic GABA A Rs (Nusser et al., 1997 (Nusser et al., , 1998 Kilman et al., 2002) . We therefore predicted that activity-dependent reduction of GABA A R cluster size should be paralleled by a reduction in GABAergic miniature IPSCs (mIPSCs). Sustained activity was obtained using trains of ten depolarizing current pulses through the patch pipette, every 3 s for 5 min (total 100 trains, Figure 2A ). This protocol reproduces the 4AP-induced hyperactivity (data not shown) and simulates status epilepticus as studied by others (Goodkin et al., 2005) . As shown in a representative example of a whole-cell patch recording in the presence of 50 nM TTX and 5 mM NBQX, this led to a reduction of the inward GABA A R-mediated mIPSCs amplitude ( Figure 2B ). These mIPSCs were blocked by SR 95531 (5 mM, Figure 2B , bottom), confirming that they were indeed GABAergic. The poststimulation decrease of mIPSCs size was even more obvious after averaging ( Figure 2C ). Cellby-cell statistical analysis indicated that the depolarizing stimulation induced a more than 20% reduction in median mIPSC in 11 out of 16 neurons ( Figure 2D ). The average of the median mIPSC before and after stimulation was -37.1 ± 2.3 pA and -28.9 ± 1.7 pA, respectively (average ± SEM, n = 16, p < 0.01, t test). After stimulation, the distribution of the normalized mIPSC amplitudes was shifted to lower values (1600 events per condition, 16 cells, p < 0.005 Kolmogorov-Smirnov [K-S] test), with median values decreased to 78% of the control ( Figure 2E ). This is consistent with a reduction of the number of synaptic GABA A Rs, as judged by GABA A R cluster immunoreactivity (Figure 1) . Indeed, previous studies have reported that GABAmediated synaptic inhibition is reduced after diverse repetitive stimulation protocols (references in Gaiarsa et al., 2002) . Importantly, the decay time constant was not modified by the treatment ( Figure 2F , K-S test), with values of 19.9 ± 4.8 ms and 20.9 ± 8.4 ms (median ± SEM) before and after the stimulation session, respectively, indicating no changes in the channel kinetics. The activity-dependent decrease in mIPSC lasted for 5 min and then recovered to control levels within 10 min after the end of the stimulation protocol ( Figure S3A ). This recovery was paralleled by that of the postsynaptic scaffold protein, gephyrin ( Figures S3B and S3C ). Short (5 min) 4AP treatment (as above) significantly reduced the cell surface and synaptic GABA A R fluorescence ( Figures 3A and 3B ). Blocking dynamindependent internalization with 80 mM dynasore, as done by others (Newton et al., 2006) , did not inhibit the 4AP-dependent fluorescence reduction ( Figures 3C and 3D ). Cell surface biotinylation experiments revealed that, despite the large reduction in associated fluorescence, the total and cell surface GABA A R amounts were not modified (Figures 3E and 3F) . GABA A Rb3 antibody was preferred because it binds to an intracellular epitope and is well suited for western blot. Actually, the b3 subunits assemble with the g2 subunit (Sieghart et al., 1999) . Altogether, these results favor the notion that a rapid and reversible reduction of receptor numbers at inhibitory synapses following trains of stimulations does not result from internalization of GABA A Rs.
Excitatory Activity Modifies GABA A R Trapping at Synapses GABA A Rs diffuse laterally on the neuronal plasma membrane and swap in and out of synapses (Thomas et al., 2005; Jacob et al., 2005; Bogdanov et al., 2006) . Because lateral diffusion and local trapping can determine receptor numbers at synapses (Choquet and Triller, 2003; Choquet, 2005, 2008) , we examined whether neuronal activity could alter the lateral diffusion of GABA A Rs in cultured hippocampal neurons. The mobility of GABA A Rs was followed using a QD-based SPT approach (Dahan et al., 2003; Bannai et al., 2006) . The endogenous GABA A Rs were tagged with an antibody directed against an extracellular epitope (amino acids 39-53) of the g2 subunit and subsequently labeled with an intermediate biotinylated Fab fragment and streptavidin-coated QDs. Active synapses were identified with the amphiphilic dye FM4-64. In this study, the synaptic area was defined as the projection area of FM4-64 fluorescent patches after multidimensional image analysis (MIA) filtering (Racine et al., 2007; Supplemental Experimental Procedures) . The extent of GABA A R-QD exploration during the recording sequence (38.4 s) was visualized using a projection of the time-resolved recorded frames (Figure 4A) . The explored surface area (green) was overlaid with the position of FM4-64-stained synapses (gray). Independently of the pharmacological treatment, most GABA A R-QDs had diffusive behavior, as previously reported for GlyRs (Meier et al., 2001; Dahan et al., 2003) , AMPARs (Borgdorff and Choquet, 2002) , NMDARs (Groc et al., 2004) , and mGluRs (Sergé et al., 2002) . In the presence of CNQX + AP5, the surface area explored by (E) Amount of surface-expressed biotinylated GABA A R (b3 subunit) and NMDAR 2B subunit are not modified by 4AP treatment. 4AP-treated (4AP) and control (Con) neurons were surface-biotinylated with sulfo-NHS-SS-biotin. Biotinylated membrane proteins (surface) were isolated from detergent-soluble fraction (total) with immobilized NeutrAvidin and were immunoblotted with antibodies against GABA A Rb3, NMDAR2B, and actin. (F) Quantification of total and surface-expressed GABA A Rb3 on control (Con) and 4AP-treated (4AP 5 min, room temp.) cells. Protein level of control conditions was taken as 100%. Note that both total and surface amount of b3 subunit remained unchanged after 4AP treatment (total, 98.9% ± 4.2%; surface, 100.0% ± 3.4%; average ± SEM, n = 8). Scale bars, 50 mm. ***p < 0.005, t test.
GABA A R-QD was not noticeably different from that in control experiments, while it was increased in the presence of 4AP or of St + SR ( Figure 4A ). The changes of GABA A R diffusion were seen within 3 min after drug application.
Increased neuronal excitability has been shown to enhance the endocytosis of GABA A Rs (Goodkin et al., 2005; Naylor et al., 2005) . To exclude the possibility that the increased exploratory behavior observed following increased activity could result from the internalization of surface receptors and subsequent intracellular trafficking, we acid-washed the neurons at the end of the experiment to remove surface QD-tagged receptors (Tardin et al., 2003) . Less than 4% of the total QD-labeled receptors remained after acid-wash at the end of the SPT recording (30 min) in cells exposed to 4AP or maintained in control conditions. Therefore, GABA A R-QDs were localized at the cell surface during the course of the experiments, and 4AP treatment did not increase receptor internalization (see above and Figure 3 ). Reconstructed GABA A R-QD trajectories emphasized that receptors exchanged between synaptic (red) and extrasynaptic (blue) locations ( Figure 4B ). In control experiments, 53.2% ± 1.8% (average ± SEM, n = 106 recordings) of GABA A R-QDs exchanged at least once between the synaptic and the extrasynaptic area, during the recording session (38.4 s). The synaptic dwell time, which corresponds to the time a receptor remains within a synapse, reflects the stability of receptors and ultimately the synaptic receptor number (Charrier et al., 2006; Ehrensperger et al., 2007) . The effects of neuronal activity on the synaptic dwell time ( Figure 4C ) and transition between synaptic and nonsynaptic areas were quantified ( Figure 4D ). In nontreated cultures, the average dwell time was 4.90 ± 0.32 s (average ± SEM, n = 106 recordings). It was not significantly modified after CNQX + AP5 treatment. In contrast, 4AP and St + SR treatment decreased the synaptic dwell time by about 20% ± 5% (p < 0.05, t test) and 42% ± 5% (p < 0.005, t test), respectively (average ± SEM, Figure 4C ). Therefore, there was a good correlation between synaptic receptors amount as visualized with immunocytochemistry ( Figure 1 ) and synaptic dwell time analysis ( Figure 4C ). The number of transitions between extrasynaptic and synaptic compartments increased significantly after 4AP or St + SR, but not after CNQX + AP5 treatments ( Figure 4D ). These results imply that the stability of synaptic GABA A Rs is reduced when neuronal activity increases. In this set of experiments, the ratio of exit to entry number was equal to 1 (data not shown), indicating that measurements were done at steady state (Ehrensperger et al., 2007) . At steady state, dwell time is a major parameter to set synaptic receptor number in postsynaptic microdomains (Holcman and Triller, 2006) . Therefore, the activity-dependent dwell time reduction (Figure 4 ) together with the constant amount of receptors at the cell surface (Figure 3 ) account for the activitydependent GABA A R reduction in the postsynaptic microdomain visualized by immunocytochemistry and electrophysiology (Figures 1 and 2 ).
Excitatory Synaptic Activity and GABA A R Diffusion Properties Subtrajectories of single GABA A R-QDs with >30 points over the FM4-64 signal were classified as synaptic and those outside the FM4-64 area as extrasynaptic (Supplemental Experimental Procedures) . Under these conditions, the effects of activity on the GABA A R diffusion coefficients in and out of synapses followed the same pattern ( Figure 5A ). The blockade of synaptic activity with CNQX + AP5 or TTX decreased GABA A R-QDs diffusion coefficients both in synaptic and extrasynaptic regions ( Figure 5A ). In contrast, synaptic activity enhanced by 4AP, St + SR, or 4AP + St + SR significantly increased diffusion coefficients ( Figure 5A ). The main difference between synaptic and nonsynaptic areas was that diffusion coefficients in synaptic compartments were about 50% of their values in nonsynaptic membrane regions (Table S1 ). Interestingly, 4AP and St + SR effects on diffusion were not additive, suggesting that these blockers modified GABA A R diffusion via the same or overlapping signaling pathways. The finding that 4AP and St + SR had the same effect on receptor diffusion furthermore indicates that the degree of GABA A R activation does not account for the increase in receptor mobility. Finally, 4AP-induced increase of GABA A R-QD diffusion coefficient recovered to control levels within 5 min after washout of 4AP ( Figure S3D ). The recovery of GABA A R diffusion was seen 5 min before that of GABAergic mIPSCs (5-10 min, Figure S3A ).
The synaptic marker FM4-64 does not discriminate between inhibitory and excitatory synapses. Nonetheless, the diffusion coefficients at inhibitory synapses (identified by transfection of a Venus-tagged gephyrin construct, Figure 5B) were not different from those obtained at FM4-64-stained synapses ( Figure 5C ). This is due to the fact that GABA A Rs are mainly found on the dendritic shaft. As shown by immunocytochemistry, GABAergic inhibitory synapses are mainly located on dendritic shafts, while excitatory ones are on spine heads (Rao et al., 1998) . In fact, entry of GABA A R-QDs in spines was a rare event, and only 2.7% of total GABA A R-QDs were found on spine heads visualized with transfected GFP (data not shown). Moreover, measurements of diffusion coefficients revealed that the 4AP-induced increase of synaptic activity was paralleled by an increase in receptor mobility over gephyrin clusters ( Figure 5D ) and over FM4-64 spots ( Figure 5A ). Indeed, gephyrin clusters are smaller than FM4-64 spots, but since diffusion coefficients are derivatives of time (/dt), they do not depend on the size of the object on which the measure is done. However, this led to an underestimation of the actual values of diffusion measurements. Altogether, the GABA A R-QD diffusion coefficients measured on FM4-64 spots that are predominantly localized on dendritic shafts mainly represent those at inhibitory synapses.
Synaptic trajectories were further analyzed using the mean square displacement (MSD) plotted as a function of time (Supplemental Experimental Procedures). The negative deviation of the MSD curve is an indication for the confinement of receptors in a given subdomain. We found that the average MSD in reduced activity (CNQX + AP5 or TTX) was smaller than that from control neurons ( Figure 5E, left) . In turn, in increased activity (4AP or St + SR), the MSD became larger than that in control neurons ( Figure 5E , right). The shape of the averaged MSD may be influenced by three factors: (1) the diffusion coefficient values, (2) the proportion of GABA A R-QDs undergoing restricted movements, and (3) the size of the compartment within which GABA A R-QD movements are restricted (Triller and Choquet, 2008) . The modifications of the GABA A R-QD diffusion coefficient by synaptic activity ( Figure 5A ) are consistent with those of the averaged MSD curve. Using previously defined criteria (Ehrensperger et al., 2007) , the proportions of synaptic GABA A R-QDs undergoing confined movement were 60%-70% in all experimental conditions (data not shown), indicating that the activity changes did not affect this parameter. The size of the confinement domain was defined as the side of a square in which diffusion is confined (Kusumi et al., 1993, L in Equation 3 , see Supplemental Experimental Procedures). The confinement size of synaptic GABA A R-QDs was 0.26 ± 0.01 mm (average ± SEM, n = 740 QDs) in control conditions and was modified by neuronal activity ( Figure 5F ). The confinement domain was smaller when activity decreased (CNQX + AP5: 0.21 ± 0.02 mm, n = 101; TTX: 0.21 ± 0.02 mm, n = 133) and larger when excitatory activity increased (4AP: 0.30 ± 0.01 mm, n = 289; St + SR: 0.31 ± 0.03 mm, n = 111). At steady state, the activity-dependent tuning of the diffusion coefficient alone cannot explain the changes in receptor number at synapses. In contrast, the activity-dependent tuning of confinement ( Figure 5F ) controls receptor dwell times and ultimately their numbers at synapses (Triller and Choquet, 2005; Holcman and Triller, 2006 (Borgdorff and Choquet, 2002; Heine et al., 2008; Lé vi et al., 2008) . In our experiments, the presence of the Ca 2+ chelator EGTA (1.8 mM) in the extracellular space abolished the 4AP-induced increase in GABA A R-QD diffusion both inside and outside the synapse ( Figure 6A , Table S1 ), as well as the increase in the synaptic confinement size ( Figure 6B ). Prolonged exposure to low-Ca 2+ medium depletes intracellular Ca 2+ stores (Rae and Irving, 2004) . Therefore, we investigated the contribution of Ca 2+ release from Ca 2+ stores on 4AP-induced modulation of GABA A R-QD dynamics. Ryanodine receptors and inositol 1,4,5 trisphosphate (IP 3 ) receptors, which are Ca 2+ channels on the intracellular Ca 2+ store, were blocked by ryanodine (10 mM) and 2-aminoethoxydiphenyl borate (2APB, 100 mM), respectively. Ryanodine and 2APB, however, did not reverse the 4AP-induced effects on GABA A R-QD diffusion ( Figure 6C , Table S1 ) or confinement ( Figure 6D (Regehr and Tank, 1990) . Furthermore, Ca 2+ influx through NMDAR has been shown to reduce GABAergic transmission (Chen and Wong, 1995; Wang and Stelzer, 1996) . To test if NMDAR activation could also modulate GABA A R diffusion, neurons were exposed to the NMDA (50 mM) and the coagonist glycine (5 mM) in the presence of TTX (1 mM). Under these conditions, a rise in [Ca 2+ ] i was observed within a few seconds after application ( Figure 7A ). In parallel, the GABA A R-QD diffusion coefficient increased both outside and inside synapses ( Figure 7B , Table S1 ). In synapses, the confinement domain size also increased by 35% in the presence of NMDA ( Figure 7C ), denoting a reduced confinement. TTX + glycine alone did not increase [Ca 2+ ] i and had no effect on diffusion or confinement. These results indicate that the activation of NMDARs favors the escape of GABA A Rs from synapses by means of lateral diffusion.
Calcineurin Regulates GABA A R Diffusion Dynamics Ca 2+ influx through NMDARs can induce long-term depression (LTD) at GABAergic synapses by activating the Ca 2+ -sensitive phosphatase calcineurin (Wang and Stelzer, 1996; Lu et al., 2000; Wang et al., 2003) . We therefore evaluated the contribution of calcineurin to the regulation of GABA A R diffusion properties by treating neurons with 1 mM cyclosporin-A (CysA), a membranepermeable inhibitor of calcineurin (Jovanovic et al., 2004) . Although the NMDA-dependent elevation of [Ca 2+ ] i was not inhibited ( Figure 7D ), the NMDA-induced increase in the diffusion coefficient of GABA A R-QDs was abolished ( Figure 7E , Table  S1 ). CysA itself did not significantly affect the GABA A R-QD diffusion properties. As described above, a treatment with 50 mM NMDA and 5 mM glycine in the absence of CysA increased the , but not by inhibition of intracellular Ca 2+ channels. ***p < 0.005; ns, not significant (U test for diffusion coefficient and t test for confinement size). The number of QDs analyzed in (A) and (C) are shown in Table S1 . The numbers of confined GABA A R-QD are indicated in parentheses.
GABA A R-QD diffusion coefficient at synapses. Interestingly, in the presence of CysA, the diffusion coefficient of GABA A RQDs was strongly reduced ( Figure 7E ). Similarly, NMDA induced an 32% increase in the confinement size, while it led to an 34% reduction in the presence of CysA ( Figure 7F ). In summary, a NMDAR-calcineurin signaling pathway is involved in the activity-dependent regulation of GABA A R diffusion and confinement.
DISCUSSION
The main finding of our study is that synaptic accumulation and diffusion dynamics of GABA A Rs are controlled by excitatory neuronal activity. This activity-dependent regulation is mediated by Ca 2+ influx from the extracellular space and by calcineurin activity. Pharmacologically induced increase of excitatory activity reduced the size of synaptic GABA A R clusters, and depolarizing currents decreased mIPSC amplitude. This is likely due to a regulation of GABA A R trapping at synapses, since the synaptic dwell times and confinements were reduced while synaptic and extrasynaptic diffusion coefficients were increased. The decrease in synaptic cluster size is paralleled by a translocation of receptors to the extrasynaptic membrane where they may be subsequently internalized, as reported previously (Goodkin et al., 2005; Naylor et al., 2005) .
In hippocampal neurons, NMDA/Ca 2+ can have opposite effects. As reported by Marsden et al. (2007) , NMDA/Ca 2+ -dependent pathway increases synaptic GABA A Rs and mIPSCs in experimental conditions eliciting a form of long-term depression of excitatory transmission (chem-LTD). CaMKII activity is required for this process. Conversely, in our present work, status epilepticus induced by tetanus stimulations decrease GABAergic transmission through calcineurin activation (Wang and Stelzer, 1996; Lu et al., 2000; Wang et al., 2003; Goodkin et al., 2005; Naylor et al., 2005) . Different levels of postsynaptic [Ca 2+ ] i elevation trigger two different forms of synaptic plasticity (e.g., Yang et al., 1999) and therefore may explain selective activation of CaMKII or calcineurin. Our EGTA experiments indicate that the diffusion properties of GABA A Rs are tuned by the Ca 2+ entry from the extracellular space. Ca 2+ influx is therefore likely to be the link between synaptic activity and the diffusion properties at the cell surface. This relationship is further emphasized by the experiments in which [Ca 2+ ] i was measured under various experimental conditions (summarized in Figure 8 ). We found a positive relationship between [Ca 2+ ] i and diffusion coefficients outside and inside synapses ( Figures 8A and 8B , respectively) and confinement domain sizes ( Figure 8C ). Therefore, GABA A Rs escape more easily from the synapse following activity-dependent increase in [Ca 2+ ] i . This is opposite to the regulation of lateral diffusion of AMPARs in hippocampal ] i by NMDA application. (E) Effects of CysA on GABA A R-QD diffusion coefficient (median ± IQR) at the synapse. (F) Size of confinement at synapses (average ± SEM). The ability of NMDA to increase the diffusion coefficient and confinement size was completely blocked and even reversed in the presence of CysA. ***p < 0.005; ns, not significant (U test for diffusion and t test for confinement size). The numbers of QDs analyzed in (B) and (E) are given in Table S1 , and the numbers of confined GABA A R-QDs are indicated in parentheses (C and F).
neurons: AMPARs are recruited by lateral diffusion and stabilized at synapses when [Ca 2+ ] i increases (Borgdorff and Choquet, 2002; Heine et al., 2008) . In spinal cord neurons, the increase in [Ca 2+ ] i by excitatory activity causes a decrease in the GlyR diffusion coefficient and increases postsynaptic GlyR clustering through receptor-scaffold interactions (Lé vi et al., 2008) . The receptor-specific [Ca 2+ ] i dependence of diffusive properties is important in itself, because it is a strong indication that it does not result from nonspecific modifications of the physical properties of the plasma membrane but from specific molecular mechanisms. This could be partially explained by the difference in receptor type (AMPAR versus GlyR versus GABA A R), scaffolding molecules (PSD95 versus gephyrin), or the receptor's localization (spine or shaft). It is noteworthy that in spinal cord neurons the receptor numbers at synapses and diffusion properties of GlyRs are dependent on excitation and [Ca 2+ ] i , but those of GABA A Rs are not (Lé vi et al., 2008) , further emphasizing the receptor and cell-type specificity of this regulation. Receptor specificity of lateral diffusion regulation may provide a mechanism for how neurons adapt to excitatory and inhibitory inputs.
We have shown that calcineurin activity is involved in the activity-dependent regulation of GABA A R diffusion. The enzymatic activity of protein phosphatases is known to be involved in synaptic plasticity through the modification of channel opening properties and of surface expression levels of neurotransmitter receptors (Mansuy and Shenolikar, 2006) . Our study suggests an additional role of protein phosphatases in the regulation of GABA A R diffusion properties. Interestingly, calcineurin is present only in a subset of spinal cord motoneurons (Strack et al., 1996) The numbers of receptors at synapses result from a dynamic equilibrium between receptors entering and exiting synapses, and the set point of this equilibrium depends on the numbers of scaffold proteins and/or the strength of the receptor-scaffold interactions (Choquet and Triller, 2003; Triller and Choquet, 2005; Holcman and Triller, 2006) . Our experimental data imply that GABA A R numbers at synapses are defined by a combination of these two factors in hippocampal neurons. The fact that the activity-induced decrease in GABA A R immunofluorescence was paralleled by a reduction of synaptic gephyrin favors an activity-dependent modulation of the stability of the gephyrin scaffold. In spinal cord neurons, the integrity of gephyrin clusters is controlled by the cytoskeleton (Kirsch and Betz, 1995) , and gephyrin clusters display Ca 2+ and activity-dependent dynamic behavior that is controlled by the actin cytoskeleton (Hanus et al., 2006) . Furthermore, the diffusion of GlyRs is regulated by the cytoskeleton as well (Charrier et al., 2006) . Therefore, the actin polymerization state may also tune GABA A R stability by regulating the integrity of the gephyrin scaffold. The fact that calcineurin destabilizes the actin filament supports this hypothesis (Halpain et al., 1998) . However, it was shown, in a different experimental paradigm, that clusters of GABA A R and gephyrin were not affected after actin depolymerization in hippocampal neurons (Allison et al., 2000) . Gephyrin cluster stability also depends on gephyrin-gephyrin interaction (Bedet et al., 2006) . Posttranslational modification such as phosphorylation could also influence the oligomerization pattern of gephyrin, which is a highly phosphorylated protein (Prior et al., 1992; Langosch et al., 1992) . Receptor-scaffold interactions regulate receptor diffusion as reported for GlyRs (Meier et al., 2001; Ehrensperger et al., 2007) and glutamate receptors (Sergé et al., 2002; Bats et al., 2007) . The kinetic analysis of receptor diffusion properties indicates that a significant portion of GlyRs is bound to gephyrin molecules outside of gephyrin clusters. This supports the involvement of receptor-gephyrin interactions in the stabilization of GlyRs even outside synapses (Ehrensperger et al., 2007) . In a recent study, it was shown that GABA A Rs could interact directly with gephyrin through their a2 subunits (Tretter et al., 2008) . Therefore, modulation of receptor-scaffold as well as scaffold-scaffold interactions may regulate GABA A R diffusion at both the extrasynaptic and synaptic levels. In this context, the activity-dependent reduction in gephyrin cluster immunoreactivity could be explained through the involvement of GABA A Rs in gephyrin clustering (Essrich et al., 1998; Dumoulin et al., 2000; Lé vi et al., 2004) . Consequently, GABA A Rs and gephyrin are interdependent for postsynaptic clustering through cooperative and mutual interactions.
Gephyrin conformational change, induced by the peptidylprolyl isomerase Pin-1, has been proposed to enhance its affinity for GlyRs (Zita et al., 2007) . This could also be true for the GABA A R-gephyrin interaction. Since Pin-1 specifically recognizes phosphoserine-proline or phosphothreonine-proline motifs (Yaffe et al., 1997) , the phosphorylation state of gephyrin could be a factor that modulates the receptor-scaffold interaction. Similarly, the GABA A R has multiple phosphorylation sites in its cytoplasmic loops (Kittler and Moss, 2003; Mansuy and Shenolikar, 2006) , and phosphorylation of GABA A R could also regulate its interaction with gephyrin. The phosphoserine 327 in the intracellular loop of g2 subunit is of particular interest, because it is dephosphorylated by calcineurin within 5 min after tetanic stimulation and this induces LTD of GABAergic transmission (Wang et al., 2003) . This rapid, [Ca 2+ ] i -and NMDAR-dependent dephosphorylation may account for the modification of GABA A R diffusive properties. Gephyrin binds to the a2 subunit of GABA A R complexes (Tretter et al., 2008) ; however, the recruitment of gephyrin to postsynaptic clusters requires the cytoplasmic loop of the g2 receptor even in the presence of the a2 subunit (Alldred et al., 2005) . As a result, the interaction between the GABA A Ra2 subunit and gephyrin could be modulated by the phosphorylation state of the cytoplasmic loop in the g2 subunit.
In addition to gephyrin, the GABA A R has multiple binding partners, such as the GABA A R-associated-protein (GABARAP), which binds to the g2 subunit (Wang et al., 1999; Kneussel et al., 2000) , and the phosphatase C-related, catalytically inactive protein (PRIP), which binds to the b subunit (Kanematsu et al., 2002) . Interestingly, GABA A R-PRIP-GABARAP interactions are shown to be important for GABA A R trafficking (Mizokami et al., 2007) . Interactions between GABA A Rs and other binding protein could also be involved in the stabilization of receptors.
The fact that excitatory activity controls the amount of GABA A Rs at inhibitory synapses via a regulation of their diffusive properties has important functional implications. During the onset of LTP, the ability of EPSPs to elicit an action potential in the postsynaptic cells would be enhanced by the concomitant depression of IPSPs (Wang and Stelzer, 1996; Lu et al., 2000) . This activity-dependent neuronal disinhibition could thus be part of the mechanism underlying the induction of LTP. Lateral diffusion, regulated through receptor-scaffold interactions, provides a simple mechanism for rapid and reversible activitydependent modulation of synaptic strength. Defective regulation of this antihomeostatic excitation-inhibition regulation may also be involved in pathological conditions such as status epilepticus. The leak of receptors from the synapse would lead to the [Ca 2+ ]-and calcineurin-dependent downregulation of inhibition seen after enhanced and prolonged excitatory transmission, and therefore ultimately responsible for epileptogenesis in the immature brain (Sanchez et al., 2005) . Elucidating the details of the molecular mechanisms controlling receptor diffusion dynamics would help us not only to understand a basic physiological mechanism that may be involved in learning and memory, but also to define new targets for pharmacological approaches to critical synaptopathies such as epileptic seizures.
EXPERIMENTAL PROCEDURES
More detailed experimental procedures are described in the Supplemental Data.
Primary Hippocampal Culture Primary cultures of hippocampal neurons were prepared as previously described (Goslin et al., 1998 ) using E18-20 rats (Sprague Dawley or Wistar).
Drug Treatment
For immunochemistry, cells were incubated for 2 hr before fixation at 37 C with drugs in ''imaging medium'' corresponding to MEM without phenol red (Invitrogen) supplemented with 20 mM HEPES, 33 mM glucose, 2 mM glutamine, 1 mM sodium pyruvate, and B27. For SPT, drugs were added to the imaging medium just before recording. For Ca 2+ imaging, recording was done for 1 min in the absence of drug, then one-fifth volume of imaging medium containing the drug (five times concentrated) was added to the cells during the recording.
Immunocytochemistry and Quantitative Analysis
GABA A Rs and gephyrin were double labeled with the presynaptic marker synapsin using the following antibodies: rabbit anti-GABA A R g2 subunit (6.0 mg/ ml; Alomone Labs), mouse anti-gephyrin (mAb7a; 0.5 mg/ml; Synaptic Systems), mouse anti-synapsin I (1:500; Synaptic Systems), and rabbit antisynapsin I (1:3000; Chemicon). Isolated cells immunoreactive for GABA A R or gephyrin were randomly chosen, and images were acquired on microscopes equipped with oil-immersion objectives (603, NA 1.3 or 1.42) and cooled CCD cameras. All images from a given culture were acquired with the same subsaturation exposure time. Quantifications of synaptic GABA A R or gephyrin-IR were performed using MetaMorph (Meta Imaging) as previously described (Lé vi et al., 2004 (Lé vi et al., , 2008 Charrier et al., 2006) .
Electrophysiology
Spontaneous mIPSCs were recorded in the whole-cell voltage-clamp configuration in an extracellular solution containing (in mM) 147 NaCl, 2.1 KCl, 8.8 HEPES, 8.8 D-glucose, 1.1 CaCl 2 , 1.1 MgCl 2 , 2.6 pyruvic acid (pH 7.35, 310 mOsM/kg) at room temperature. mIPSCs were recorded in the presence of 5 mM NBQX and 50 nM TTX, to suppress glutamatergic EPSCs and action potentials, respectively. At the low TTX concentration used here, stimulation evoked action potentials, albeit of reduced amplitude. Patch pipettes were filled with an internal solution containing (in mM) 144 CsCl 2 , 10 HEPES, 5 Na 2 ATP, 1.1 EGTA, 0.1 CaCl 2 , and 5 MgCl 2 (pH7.35, 310 mOsM/kg). The electrode resistance was 2.6-5.6 MU. The membrane potential was held at -70 mV during recording. GABAergic Cl -currents were recorded as inward currents. For stimulation, action potentials were elicited by trains of ten depolarizing current pulses (100 ms ON, 50 ms OFF, 6.7 Hz), applied every 3 s for 5 min (total 100 trains). During stimulation, amplifier was switched to current-clamp mode.
Surface Biotinylation Assay
Surface biotinylation assay was carried out as described previously (Saliba et al., 2007) . Materials bound to immobilized NeutrAvidin (Pierce) were resolved by SDS-PAGE followed by immunoblotting with antibodies against GABA A R b3 subunit (gift from Dr. Moss), NMDAR2B (BD Biosciences), and actin (Sigma), and visualized by Immobilon Western Chemiluminescent HRP Substrate (Millipore) or ECL (GE Healthcare). Blots were imaged in the LAS-3000 imaging system (Fujifilm), and band intensity of the GABA A R b3 subunit was measured using Image-J.
GABA A R-QD Single-Particle Tracking GABA A Rs were labeled with QDs as was described previously (Bannai et al., 2006) . Neurons were observed in imaging medium at 37 C, using an inverted microscope (IX71, Olympus) equipped with an oil-immersion objective (Olympus, 603, NA 1.45), a xenon lamp, cooled CCD camera Cascade+128 (Roper Scientific) or ORCA II ER (Hamamatsu photonics). Fluorescent signals were detected using appropriate filter sets for QD (ex, 455 ± 70 nm; em, 605 ± 20), FM4-64 (ex, 535 ± 50 nm; em, 590 nm long pass), and for Venus (ex, 500 ± 20 nm; em, 535 ± 30 nm). The movement of GABA A R-QDs on the proximal dendrites was recorded with an integration time of 75 ms with 512 consecutive frames (38.4 s). The recording was done up to 30 min after labeling.
Ca
2+ Imaging
Neurons were loaded with 0.5 mM fluo-4 AM for 3-5 min at 37 C in imaging medium. After incubation for an additional 5 min in imaging medium to allow complete de-esterification of the intracellular AM esters, fluo-4 intensities were recorded at room temperature (23 C-24 C) under an inverted Leica DM-IRB microscope equipped with a 633 objective (NA 1.32), a cooled CCD camera (Coolsnap; Princeton Instruments), and appropriate filters (ex, 500 ± 20 nm; em, 535 ± 30 nm). Fluo-4 fluorescence was acquired every 5 s for 180-300 s, with a 100 ms exposure time.
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